Fumitremorgins (FTMs), tremorgenic mycotoxins produced by the human pathogen Aspergillus fumigatus, are prenylated indole alkaloids that have been extensively studied in view of their diverse chemical structures and biological activities. Their biosynthetic gene ( ftm) cluster was identified on the basis of the genome sequence of A. fumigatus. However, it has been reported that the ftm cluster in genome reference strain Af293 is inactive, which makes complete understanding of the FTM pathway difficult. Hence, we used an FTMproducing strain of A. fumigatus, BM939, to dissect the FTM pathway. Here, we delineate the genetic determinant for the observed defect in the FTM pathway in A. fumigatus Af293. Metabolite profiling and sequence comparison of the two strains revealed a point mutation in ftmD as a possible cause of altered metabolite production in strain Af293. FTM production in Af293 was restored when a DNA fragment containing ftmD from BM939 was introduced. Biochemical analysis indicated that FtmD is a methyltransferase that catalyzes the conversion of 6-hydroxytryprostatin B into tryprostatin A. The mutated FtmD retained enzymatic activity but did not function under physiological conditions, resulting in blockage of the FTM pathway in A. fumigatus Af293.
Filamentous fungi are prolific sources of small organic molecules, so-called secondary metabolites, which have long been a major source of therapeutic agents. 1) Prenylated indole alkaloids are an important family of fungal secondary metabolites.
2) They are of considerable interest in view of their structural diversity and biological activities, and serve as targets of biosynthesis and chemical synthesis studies. 2, 3) Fungal prenylated indole alkaloids with a diketopiperazine core structure derived from L-tryptophan and L-proline are classified into two groups on the basis of prenylation at position C2 of the indole ring. One group consists of fumitremorgins (FTMs) and verruculogen, which involve regular prenylation, and the other consists of notoamides, brevianamide A, and stephacidins, which contain a reverse prenyl moiety at position C2. 2, 4, 5) FTMs are tremorgenic mycotoxins produced by Aspergillus and Penicillium species. 6) Various biological activities of FTMs and synthetic derivatives of them, including cytotoxicity, cell cycle inhibition, and neurotoxicity, have been reported. 7, 8) In fact, FTM-C is a very potent, specific inhibitor of breast cancer resistant protein, an ABC transporter related to multidrug resistance in cancer cells. 9, 10) The putative FTM biosynthetic gene cluster was found by genome sequencing of the human pathogen A. fumigatus. 11, 12) A genetic study of a nonribosomal peptide synthetase gene, ftmA, and biochemical studies of two prenyltransferase genes, ftmB and ftmH (also termed ftmPT1 and ftmPT2, respectively), showed that the ftm cluster is associated with the FTM biosynthetic pathway, 4, 13, 14) but no FTM production was detected in a genome reference strain of A. fumigatus, Af293. 13) Hence, we utilized an FTMproducing strain of A. fumigatus, BM939, 15) to dissect the FTM pathway, and demonstrated the functions of three cytochrome P450s, FtmC, FtmE, and FtmG, in the biosynthetic pathway. 8) In addition, a unique function of -ketoglutarate-dependent dioxygenase FtmF (also termed ftmOx1), which catalyzes endoperoxide bond formation in verruculogen, was recently reported. 16, 17) Although these extensive studies have delineated nearly the entire FTM biosynthetic pathway (Fig. 1) , the mechanism underlying the inability of strain Af293 to produce FTMs remains unclear.
In this study, we addressed the molecular determinants of the difference in FTM production between A. fumigatus Af293 and BM939 by metabolite profiling, sequence comparison, biochemical analysis, and complementation. In addition, we performed a knockout experiment and biochemical analysis to determine the function of ftmD, the only gene in the ftm cluster that has not been characterized.
Materials and Methods
Fungal strains. The A. fumigatus strains used in this study are listed in Table 1 . The akuA deletion mutant (TAFK2.8, ÁakuA::ptrA) was prepared from genome reference strain Af293 by the same procedure as that for BM939-derived ÁakuA (TAFK1.39).
8) The ftmD deletion mutant of FTM-producing strain BM939 was generated as previously described. 8) Briefly, 1-kb DNA fragments upstream and downstream of the ftmD gene were fused to the 5 0 and 3 0 ends of the hygromycin B-resistant gene (hph) cassette, and used in fungal transformation. Hygromycin B-resistant transformants that contained the correct gene replacement were verified by genomic Southern analysis (Supplemental Fig. 1A ; see Biosci. Biotechnol. Biochem. Web site). The ftmA deletion mutant of Af293 was also generated by the same procedure as for the BM939-derived ÁftmA strain.
8) The resulting transformants were designated TAFK7.6 and TAFK4.2 respectively. To introduce a single copy of ftmD from BM939 ( ftmD BM939 ) into the Af293-derived parental strain (TAFK2.8), a 2.5-kb region containing ftmD was amplified from BM939 genomic DNA and cloned into pC14a, a pCR2.1 (Invitrogen, Carlsbad, CA) derivative that carries the hph cassette. The resulting plasmids were used to transform the Af293-derived parental strain. We verified the insertion of a single copy of the DNA fragment into the ftmD locus of hygromycin B-resistant transformants by genomic Southern analysis (Supplemental Fig. 1B ). The resulting transformant was designated TAFK13.11, and was used in metabolite profiling. The oligonucleotides used for PCR are shown in Supplemental Table 1 .
Culture conditions and metabolite analysis. Freshly harvested spore suspensions from A. fumigatus strains were inoculated into fermentation medium (0.5% K 2 HPO 4 , 0.05% MgSO 4 . 7H 2 O, 2% soybean meal, 3% glucose, and 2% soluble starch, pH 6.5). The culture was cultivated at 28 C for 48 h and cleared by filtration. The culture filtrate was extracted with ethyl acetate. The dried extracts were dissolved in methanol and analyzed by LC/electrospray ionization (ESI)-MS. The conditions for LC/ESI-MS were described previously.
8) The FTMs used as authentic standards in this study were prepared as previously described.
8)
Vector construction, heterologous expression, and enzyme purification. The ftmD ORF was amplified by 2-step RT-PCR using total RNA extracted from A. fumigatus BM939 as template. The amplified DNA fragments were cloned into pCR4Blunt-TOPO (Invitrogen) and verified by sequencing. The ftmD ORF was cloned into the EcoRIXhoI site of pCold II (Takara Bio, Otsu, Japan) to generate pCold IIftmD. To replace the Arg at position 202 of FtmD with Leu, a point mutation was introduced with a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Escherichia coli BL21(DE3), carrying pCold II-ftmD or -ftmD R202L , were cultured at 37 C for 6 h in LB medium supplemented with 50 mg/mL of ampicillin. Gene expression was induced by the addition of 1 mM IPTG and incubation at 15 C. The culture was incubated at 15 C for 24 h, and then the cells were harvested, suspended in buffer A (50 mM sodium phosphate, 0.5 M NaCl, 20% v/v glycerol, and 0.1% v/v 2-mercaptoethanol, pH 7.0) containing 0.5 mg/mL of lysozyme, and incubated on ice for 30 min. Cell lysates were obtained by sonication followed by centrifugation. The cleared lysate was applied to a Talon with buffer A. The column was then washed with the same buffer. Recombinant proteins were eluted with buffer A containing 250 mM imidazole. This buffer was then exchanged for buffer B (50 mM TrisHCl, 40% glycerol, and 0.1% 2-ME, pH 7.5) and concentrated. Gel filtration analysis was done as previously described. 17) Enzyme assay. In vitro FtmD reactions were run using 6-hydroxytryprostatin B (4) and S-adenosyl-L-methionine (SAM) as substrates. The standard reaction mixture (100 mL) consisted of recombinant FtmD (1.75 mg of FtmD or 11.75 mg of FtmD R202L ), 50 mM 4, 1mM SAM, and 50 mM MES-NaOH buffer (pH 6.8) containing 20% glycerol, 10 mM EDTA, and 0.1% 2-ME. The reaction mixtures were preincubated at 15 C for 5 min, and then the reactions were initiated by the addition of enzyme. They were allowed to proceed for 5 min and were terminated by the addition of ethyl acetate. Because enzyme activity was stable at lower than 20 C under the assay conditions in this study, we ran the enzyme reactions at 15 C. The reaction products were extracted with ethyl acetate and analyzed by HPLC and LC/ESI-MS. HPLC analysis was carried out with a Waters ACQUITY UPLC H-Class system (Waters, Milford, MA). The conditions were as follows: column, BEH C18 (2:1 Â 50 mm, 1.7 mm, Waters); flow rate, 0.6 mL/min; solvent A, water containing 0.05% v/v formic acid; solvent B, acetonitrile. After injection of the sample into a column equilibrated with 30% solvent B, the column was isocratically developed for the first 0.3 min. The column was then successively developed using a linear gradient from 30% to 100% over 1.8 min, followed by isocratic elution for 0.3 min. The conditions for LC/ESI-MS were described previously. 8) Production of tryprostatin A (5) was confirmed by co-elution of the reaction product with an authentic standard, which was prepared from the culture broth of A. fumigatus BM939.
8) The amount of 5 was calculated by means of standard curves obtained at the maximum UV wavelength of 297 nm. For calibration, compound 5 was subjected to HPLC in a concentration range of 5 to 500 pmol. The enzyme activity (nmol of product formed min À1 mg of enzyme À1 ) was calculated as time-dependent product formation. For kinetic analyses, the concentrations varied from 5 to 200 mM for substrate 4 and from 1 to 300 mM for SAM. The concentrations of substrate 4 used to measure the kinetic constants for SAM of FtmD and FtmD R202L were 0.3 mM and 1 mM respectively. Kinetic constants were calculated by nonlinear regression fit to the Michaelis-Menten equation. The kinetic constants calculated from Lineweaver-Burk, Eadie-Hofstee, and Hanes-Woolf plots did not differ significantly from those derived from nonlinear regression.
Results

Comparison of metabolite profiles between Af293 and BM939
No production of FTMs has been reported for A. fumigatus genome reference strain Af293 due to low expression of the ftm genes. 13) To determine the cause of the defect in FTM production in Af293, first we did metabolite profiling of Af293-derived ÁftmA strain (TAFK4.2) and parental strain (TAFK2.8) by comparison with that of the corresponding strain derived from BM939 (TAFK1.39). The fungal strains were cultivated under the conditions in our previous study, in which FTM-producing strain BM939 produced a wide variety of FTMs. 8) Ethyl acetate extracts of the fungal cultures were analyzed by LC/ESI-MS (Fig. 2) . A comparison of the metabolite profiles of the ÁftmA and the parental strains revealed ftmA-dependent production of four early intermediates, brevianamide F (1), tryprostatin B (2), demethoxyFTM-C (3), and 6-hydroxytryprostatin B (4), in the Af293-derived strain. In fact, intermediate 4 was found to accumulate in this strain, but no FTMs containing a methoxylated indole ring, such as tryprostatin A (5), FTM-C (6), 12,13-dihydroxyFTM-C (7), FTM-B, or verruculogen, were detected. Under the conditions in this study, all the ftm genes were expressed in both Af293 and BM939, and there were no significant differences in expression levels between these two strains (Fig. 3) . These results suggest that the ftm cluster of Af293 was active, but methylation of 4 did not occur, and consequently the FTM pathway was blocked in strain Af293.
Sequence comparison of the ftm clusters in Af293 and BM939
To identify the genetic determinants responsible for the altered metabolite production in genome reference strain Af293, we compared the nucleotide sequence of the ftm cluster in BM939 to that in Af293. The ftm gene cluster in FTM-producing strain BM939 consists of nine genes and is very similar to that in Af293. 8) When the sequence of a 28-kb DNA fragment including the ftm cluster in BM939 (accession no. AB436628) was compared to the corresponding region in Af293 (accession no. AAHF01000014), 11) 76 dispersed sequence differences were found, 36 of which were single-base substitutions located in the coding regions of the ftm genes (Fig. 4A ). The ftmD gene is possible cause of the The A. fumigatus strains were cultivated at 28 C for 48 h, and the culture extracts were analyzed by LC/ESI-MS. UV detection was carried out at 220 nm. The production of FTMs, 1-7, in the culture extracts was confirmed using authentic standards. MS analysis confirmed that the peak indicated by the asterisk in the chromatogram of TAFK4.2 did not contain compound 4. Fig. 3 . Expression Analysis of the ftm Genes in A. fumigatus by RT-PCR. Total RNA was isolated from mycelia of FTM-producing strain BM939 and genome reference strain Af293 grown for 24 and for 48 h in fermentation medium. One mg of total RNA treated with DNase I was used for oligo(dT)-primed reverse transcription. Genespecific amplification of cDNA was done using the primer pairs shown in Supplemental Table 2 . The actin gene, locus tag AFUA 6G04740, was used as internal control. As positive controls (C), 10 4 copies of plasmids carrying the corresponding gene fragments cloned from genomic DNA were used as templates.
O-methylation of 4 because it is the only gene in the cluster with sequence similarity to O-methyltransferase. 4, 8) There were four sequence differences in and around the ftmD locus, two of which were located in the coding region of ftmD and one each in the upstream and downstream regions of ftmD (Supplemental Tables 3  and 4 ). One mutation in the first exon of ftmD was silent, while the other in the second exon caused an Arg to Leu substitution at position 202 of FtmD. It is unlikely that the two mutations that were located in non-coding regions were major factors in the altered metabolite production in Af293, because there was no significant difference in the ftmD expression between Af293 and BM939 (Fig. 3) .
Biochemical comparison of FtmD and its R202L variant
Since the ftmD gene was highly likely to be a genetic factor in the metabolite block in genome reference strain Af293, we did in vitro analysis of FtmD to assess the impact of the amino acid replacement of Af293 in FtmD on enzymatic activity. The recombinant FtmD and FtmD R202L proteins were expressed in E. coli as a His 6 -tagged fusion protein and purified to homogeneity by affinity column chromatography (Fig. 5A) . Size-exclusion column chromatography suggested that FtmD is a homodimeric protein with a molecular mass of 64 kDa. The purified enzyme was incubated with 4 in the presence of SAM, and the reaction products were analyzed by HPLC and LC/ESI-MS. Compound 5 was detected when substrate 4 was incubated with enzyme and SAM (Fig. 5B) . This indicates that FtmD catalyzes the methylation of 4 to yield 5, using SAM as methyl donor. There was no significant difference in the enzymatic properties, as for example optimum pH and thermostability, of FtmD and FtmD R202L (Fig. 5C and  D) . The kinetic constants for FtmD and FtmD R202L were measured by monitoring the formation of 5 by HPLC. The FtmD reaction apparently followed MichaelisMenten kinetics (Fig. 5E and F showed decreased K m for SAM but lower turnover. These results suggest that the R202L amino acid substitution impaired binding to 4 and catalysis, leading to decreased enzymatic activity in vitro.
Targeted gene inactivation of ftmD in BM939
To demonstrate the involvement of ftmD in FTM biosynthesis, i.e., the methylation of 4, in A. fumigatus, targeted gene inactivation of ftmD was achieved by replacing the entire coding region of ftmD in FTMproducing strain BM939 with the hph cassette. The BM939-derived ÁftmD strain, TAFK7. 6 , was cultivated to analyze FTM production by LC/ESI-MS (Fig. 6A) . Deletion of ftmD led to a substantial accumulation of 4. Three of the early intermediates in the FTM pathway, 1-3, were also detected, but, neither 5 nor the downstream metabolites were detected. The FTM production pattern in the BM939-derived ÁftmD strain was in good accord with that in the Af293-derivative (TAFK2.8). This indicates that ftmD was involved in the conversion from 4 to 5 in A. fumigatus, and confirms that ftmD is the genetic determinant of the blocked FTM production observed in genome reference strain Af293.
Complementation of blocked FTM production in Af293
A complementation experiment was carried out by introducing a 2.5-kb DNA fragment containing the ftmD gene of FTM-producing strain BM939 into the Af293 derivative (TAFK2.8). Transformants carrying a single copy of ftmD BM939 were cultivated, and their culture extracts were analyzed by LC/ESI-MS (Fig. 6A) . The production of 5-7 as well as the early intermediates was observed in the ftmD BM939 -complemented strain (TAFK13.11). MS analysis also confirmed the recovery of FTM-B and verruculogen production in the strain. The production pattern of the complemented strain was similar to that of the BM939 derivative (TAFK1.39), suggesting that the mutated ftmD locus is responsible for the blocked FTM production in Af293. In view of the results of metabolite profiling, sequence comparison, biochemical characterization, and the knockout experiment, we conclude that the mutation in the second exon of the ftmD locus of genome reference strain Af293 is a major genetic factor that led to the accumulation of 4 and the absence of downstream metabolites in Af293.
Discussion
Our genetic and biochemical characterization of FtmD indicated that it is responsible for the Omethylation of 4 in A. fumigatus. FtmD belongs to the O-methyltransferase family (PF00891). It has a signature motif (DVGGGXG) common to this family, 18) and A B Fig. 6 . Metabolite Profiling of BM939-Derived ÁftmD (TAFK7.6) and ftmD BM939 -Complemented Strain (TAFK13.11) (A), and Three Wild Type Strains, Af293, BM939, and A1163 (B).
The A. fumigatus strains were cultivated at 28 C for 48 h. The culture extracts were analyzed by LC/ESI-MS. UV detection was carried out at 220 nm. The production of FTMs, 1-7, in the culture extracts was confirmed using authentic standards. MS analysis confirmed that the peak indicated by the asterisk in the chromatogram of Af293 did not contain compound 5. C. The reaction products were analyzed by HPLC. UV detection was carried out at 297 nm. The authentic standard 5 was prepared from the culture broth of A. fumigatus BM939 (line i). Product 5 was formed in reactions containing FtmD or FtmD R202L (ii and v). In contrast, no FtmD reaction product was detected in the reactions with heat-inactivated FtmD (iii) or without SAM (iv). C, Effects of pH on FtmD activity. The assay was conducted in a pH range of 6.0-7.1 using 50 mM MES-NaOH buffer. D, Thermostability of FtmD activity. FtmD solutions were incubated at the indicated temperatures for 5 min and were used in enzyme assay. FtmD, solid circles; FtmD R202L , hollow circles. Substrate 4-(E) and SAM-dependent (F) conversion of 4 to 5 by FtmD (upper panels) and FtmD R202L (lower panels). the amino acid residues close to the signature motif and a putative catalytic residue, 19) H244, were also well conserved in it (Fig. 4B) . The replaced residue at position 202 of FtmD lay immediately adjacent to a conserved residue (Asp or Glu) in the proteins (Fig. 4B) . These acidic residues are involved in the interaction with the ribosyl moiety of SAM. [19] [20] [21] [22] [23] [24] [25] The substitution presumably affects the substrate binding and the catalysis of FtmD. The genome of another strain of A. fumigatus, A1163, has also been sequenced. 26) The amino acid sequence of FtmD derived from A1163 was 100% identical to that of BM939. The production of FTMs with a methoxy group, such as 5-7, was detected in the culture extracts of A1163 (Fig. 6B) , confirming that the Arg at position 202 of FtmD is important for its function, and that replacement of it by Leu causes the metabolic block in genome reference strain Af293. The amount of FTMs produced in strain Af293 was apparently lower than that in FTM-producing strain BM939. Accumulated intermediates 1-4 in the Af293 derivative (TAFK2.8) were 5.5 times lower than those in the BM939-derived ÁftmD strain (TAFK7.6): 3.9 and 21.4 mg/L in the extracts from 48-h cultures respectively (Figs. 2 and 6A) . Therefore, although the enzyme activity of FtmD R202L was not completely abolished in vitro, it did not function under physiological conditions.
Our in-depth analyses revealed that an amino acid substitution, R202L, caused by a point mutation in ftmD, impaired the methyltransferase activity of FtmD and consequently blocked the FTM biosynthetic pathway in A. fumigatus Af293. Mutant strains that are defective in secondary metabolite production play important roles in understanding biosynthetic pathways and regulation. 27, 28) Blocked mutants as well as gene deletion mutants provide not only clues to the identification of key steps in the biosynthetic pathway but also biosynthetic intermediates and shunt metabolites, which normally are present only in very small amounts in wild-type cultures. [28] [29] [30] In fact, the metabolite profile of Af293 gave us a hint as to previously unknown metabolite 4.
8) Utilizing such mutants, a variety of secondary metabolites that are difficult to prepare by chemical synthesis can be obtained easily, and some of them might be suitable for chemical derivatization or might show new or improved biological activity.
The human pathogen A. fumigatus was one of the first sequenced Aspergillus species due to its clinical importance.
11) Clinical isolate Af293, whose genome was sequenced as a representative of A. fumigatus, has a deficiency in the production of FTMs and verruculogen, even though these are often used as chemotaxonomic markers of A. fumigatus, along with fumagillin, fumigaclavines, fumiquinazolins, gliotoxin, pseurotins, etc. 31, 32) Meanwhile, the other sequenced strain, A1163, which was also a clinical isolate, 26) showed an ability to produce FTMs (Fig. 6B ). This suggests that despite the potent inhibitory activity of FTMs against breast cancer resistant protein, 9, 10) it is unlikely that FTMs play a crucial role in the pathogenicity of A. fumigatus. None of the secondary metabolites, except for gliotoxin, [33] [34] [35] [36] [37] has yet been tested for virulence. 38) Further investigation is needed to determine whether FTMs are involved in the pathogenicity.
